The mouse and human Hox complex consists of 39 genes in four linkage groups (A-D). Although the structure and expression patterns of most of these genes have been reported, the 5′ members of the Hox C linkage group have been only partially characterized. Herein we report the primary and genomic structure of the mouse Hoxc11 gene as well as its expression pattern. The Hoxc11 gene encodes a 304 amino acid protein which is translated from a 2.2 kb transcript, derived from two exons. Hoxc11 mRNA is found in the most posterior region of the developing embryo commencing at 9.5 days of gestation. Expression is detected in the posterior neural tube, dorsal root ganglia, prevertebrae and hindlimbs. Expression is also found in metanephric mesenchyme which, later in development, becomes restricted to the cortical region of the developing kidney. In the developing genitalia, prominent expression is first observed in the posterior urogenital sinus that gives rise to the urethra, vagina and prostate. Later, expression is seen in paramesonephric and mesonephric ducts and in the genital tubercle. In the hindlimbs, Hoxc11 expression is seen in the mesenchyme posterior to the region forming the femur and fibula, but does not extend anteriorly to the region giving rise to the tibia or distally to the tarsal bones.
Introduction
Hox genes encode transcription factors with a conserved DNA binding domain, the homeodomain. The 60 amino acid residues encompassing this domain are related to the helix-turn-helix domain transcription factors found in numerous prokaryotic and eukaryotic organisms. Man and mouse, and presumably all mammals, have 39 Hox genes distributed on four linkage groups designated Hox A, B, C and D. This organization is believed to have arisen early in vertebrate evolution by quadruplication of an ancestral complex common to vertebrates and invertebrates. Based on DNA sequence similarities and on the position of the genes on their respective chromosomes, individual members of the four linkage groups have been classified into 13 paralogous families (Scott, 1992) . Mutational analysis in the mouse has demonstrated that these genes are used to regionalize the embryo along its major axes. Thus, mutations in 3′ Hox genes affect the formation of anterior structures, whereas disruption of 5′ genes gives rise to posterior abnormalities (reviewed in Krumlauf, 1994) . Regionalization of the embryo by Hox genes appears to be accomplished by the controlled temporal and spatial activation of these genes such that a 3′ gene is activated prior to and in a more anterior region of the embryo than its 5′ neighbors Graham et al., 1989; Duboule, 1994) .
The sixteen 5′ Hox genes belonging to the paralogous families 9-13 all show DNA sequence similarities to the Drosophila AbdB gene, which specifies the identity of the most posterior segments of the larval and adult fly. The homologous mouse genes are also expressed in the posterior region of the neural tube and vertebrae. In addition, they are expressed in the developing limbs, gut and reproductive organs (Dollé et al., , 1991a Yokouchi et al., 1991; Haack and Gruss, 1993; Roberts et al., 1995) .
Among Hox genes, members of the Hox C linkage group, and in particular the 5′ members of this linkage group are the least well characterized. In this paper we provide a molecular description of the Hoxc11 gene and its expression pattern. The expression pattern of Hoxc11 is compared with that of its immediate 3′ neighbor, Hoxc10, as well as to that of Hoxa11 and Hoxd11, its paralogous gene family members.
Results

The Hoxc11 gene
A restriction map of the mouse Hoxc11 genomic locus is shown in Fig. 1A . The identity of the gene was confirmed by DNA sequence comparison with the reported Hoxc11 homeobox sequence (Singh et al., 1991) . Exon-intron boundaries were determined from sequence comparisons of the genomic DNA with an RT-PCR product of the Hoxc11 mRNA. The Hoxc11 gene has two exons with an open reading frame that codes for 304 amino acid residues (Fig. 1B) . Three major transcription initiation sites have been identified (see Section 2.2). Depending on which start site is used, the first exon has 55-290 bp of 5′ untranslated region and 682 bp of translated sequences. The second exon consists of 230 bp of coding sequence and approximately 1000 bp of 3′ untranslated region with one potential polyadenylation signal. The site for the polyA-tail was not determined experimentally, but no additional polyadenylation signals were found within the subsequent 500 bp of genomic sequence (Fig. 1B and data not shown) . The above results are consistent with the size of the 2.2 kb Hoxc11 mRNA detected by Northern analysis (data not shown). The two exons are separated by a 1230-bp intron and the exon-intron boundaries are in agreement with exonintron donor and acceptor consensus sequences (Padgett et al., 1986) .
Transcription start sites
The approximate positions of the transcription start sites were determined by PCR amplification of cDNA with primer sets extending as far as 480 bp upstream of the translation initiation methionine codon. Primer extension was then used to determine the actual transcription start sites using both E10.5 and E12.5 total RNA as template. The primer Xi26 (nt 512-537, Fig. 1B ) was extended to generate several products of different sizes (Fig. 2) . The extensions with different RNAs and primer concentrations gave identical results. The two major fragments detectable with Xi26 are marked with arrows in Fig. 2 (nt 427 and 357 in Fig. 1B ). Several minor transcription start sites can also be detected (e.g. two minor bands corresponding nt 362 and 365; Fig.  1B) . A more upstream oligonucleotide Xi45 (nt 215-238) was used to determine the most 5′ transcription start site (arrow at nt 191, Fig. 1B) , and it resulted in one product (data not shown).
The region just 5′ of the most 5′ transcription start site is CT-rich as is the case for the more 3′ HoxC genes (Awgulewitsch et al., 1990; Peterson et al., 1992) . It does not, however, appear to have a 'c-box' similar to those described in the 5′ regions of the Hoxc8, Hoxc9 and Hoxc10 genes. Additionally, the 5′ region of Hoxc11 contains three GCbox consensus sequences on the anti-sense strand, one of which shares extended sequence homology with a medium activity Sp1 binding site as described by Kadonaga et al. (1986) . Also flanking the Hoxc11 gene on the 5′ side are two potential CCAAT boxes (Myers et al., 1986) and two ATTA core homeobox binding sequences, suggesting potential homeobox protein regulation (Gehring et al., 1990; Hanes and Brent, 1991) .
Hoxc11 expression in the vertebral column
The expression pattern of Hoxc11 was examined by mRNA in situ hybridization to whole and sectioned embryos. These patterns were compared to the expression patterns of the 3′ neighboring gene, Hoxc10, as well as to paralogous family members, Hoxa11 and Hoxd11. Hoxc11 expression is first detected in mouse embryos at 9.5 days of gestation (E9.5) in the most posterior region of the embryo, i.e. in the neural tube and mesenchyme of the tail bud (data not shown). From E10.5 onward, Hoxc11 RNA can also be detected in the dorsal root ganglia, prevertebrae and hindlimbs (Fig. 3A) . As expected, the anterior limit of expression of Hoxc11 is more posterior in the trunk than Hoxc10 (Peterson et al., 1992 and Fig. 3A,D) . In the neural tube, the anterior limit of Hoxc11 expression is at the level of prevertebrae 22 (pv 22), which corresponds to the 2nd lumbar prevertebra (Fig. 4E,F) . Transverse sections show that Hoxc11 expression is restricted to the ventral half of the neural tube, the region that will give rise to motor neurons (Fig. 5B ). In the developing axial skeleton, Hoxc11 expression is observed at the level of pv 26 and continues caudally. The anterior limit of Hoxc11 expression in the dorsal root ganglia is intermediate to those in the neural tube and prevertebrae.
Expression in the limb
In the limb, Hoxc11 expression is first seen in the posterior half of the hindlimb bud at approximately E10 (Fig. 3A) . Within this compartment the expression appears uniform throughout the mesenchyme. By E11.5 Hoxc11 expression along the proximodistal axis of the limb bud is excluded from the autopod, the region forming the tarsals, metatarsals and digits (see Fig. 6B ,F for examples of limb expression at later stages). Along the anteroposterior axis Hoxc11 expression is still restricted to the posterior half of the limb bud, with the exception of an anterior distal branch that appears to separate the mesenchyme contributing to the zeugopod and autopod (Fig. 3B) . Curiously, Hoxc11 expression is detected in the epithelium of both the fore-and hindlimbs starting at E11.5 onward (Fig. 6B ,F for hindlimbs). The distal limit of Hoxc11 expression in the mesenchyme is in the tarsal region surrounding the most posterior tarsal condensations. Starting at E13.5, the mesenchymal expression starts to concentrate in the region where the muscles are forming and by E14.5 the expression is restricted to the muscles around and posterior to the ischium, pubis, femur and fibula but not extending into the region of the tibia (Fig. 6F ). The epithelial Hoxc11 expression extends over the entire fore-and hindlimb until at least E15.5.
In contrast, early Hoxc10 expression in the limb mesenchyme is more intense in the anterior half of the hindlimb bud (Fig. 3D,E) . The extent of Hoxc10 expression along the proximodistal axis is very similar if not identical to that of Hoxc11. Later, at E12.5, Hoxc10 expression has the same distal limit as Hoxc11 but covers both the anterior and posterior halves of the limb bud (Fig. 6D) . The distal boundary of Hoxc10 expression is sharper than that of Hoxc11 (Fig. 6F,H) . Also, whereas Hoxc11 expression surrounding the cartilaginous condensation appears diffuse, Hoxc10 expression is closely associated with these condensations. 
Hoxc11 expression in the urogenital system
At E10.5 and E11.5 Hoxc11 is expressed in the undifferentiated mesenchyme surrounding the urogenital sinus ( Fig.  4B ) and later in the forming urogenital folds and genital tubercle. Interestingly, the anterior boundary of this general mesenchymal expression is very similar to the anterior limit of expression in the prevertebrae. By E12.5, the genital structures can be identified and the expression pattern is more defined. Hoxc11 is strongly expressed in the paramesonephric and mesonephric ducts, in the undifferentiated mesenchyme surrounding the ventral aorta, and in the blastema of the metanephric mesenchyme. Hoxc11 expression appears strongest in the condensing mesenchyme adjacent to the tip of the ureteric bud epithelia and in the early mesenchymal condensations. In the genital tubercle, the expression of Hoxc11 is detected in the mesenchyme, where it becomes contiguous with the tail, being strongest at the groove closest to the outer epithelia as it is beginning to involute to form the anus. By E13.5, the epithilia between the genital tubercle and the tail is involuting and contacts mesenchyme showing very strong Hoxc11 expression (Fig.  4J ). At this stage Hoxc10 expression is found in locations similar to those of Hoxc11, but in the metanephric and parametanephric duct expression extends more anteriorly (Fig. 4L) . Expression is also evident in the midgut within the umbilical hernia. The metanephros expression sites of these two genes differ in detail. Hoxc11 expression appears to be restricted to mesenchyme recently induced by the ureteric bud, whereas Hoxc10 is present throughout the mesenchyme. In addition Hoxc10 expression is absent from the ureteric bud epithelia, but strong in the proximal tubular epithelia. The expression of Hoxc11 and Hoxc10 in the urogenital system at E14.5 is detailed in Fig. 7 . The similarity in expression patterns of these two genes is evident in these sections. However, Hoxc10 expression is observed to extend further anteriorly and is more intense. In the kidney, Hoxc11 expression has been markedly reduced by this stage and is detectable only in the undifferentiated mesenchyme of the cortical region. Hoxc10 expression in the kidney, on the other hand, is stronger, covering all of the cortical undifferentiated mesenchymal cells, as well as the differentiating cells within the condensations, and the outer membrane of the kidney. There is weak expression in the stromal cells throughout the kidney. At this stage Hoxc10 message is absent from the epithelia of the distal convoluted tubules, collecting ducts and glomeruli. However, expression is found in the proximal convoluted tubular epithelial cells and the Bowman's capsule (data not shown).
In the genital tubercle, Hoxc11 expression is found in the differentiating mesenchyme forming the erectile tissue, surrounding the proximal, supporting muscles and surrounding the developing urethra. Strong Hoxc11 expression is detected in the stromal cells surrounding the mesonephric duct, and in the epithelia of the disappearing paramesonephric duct. The undifferentiated mesenchyme surrounding the developing anal canal exhibits intense expression that recedes as the cells differentiate into rectal endothelia (Fig. 7D,E) . Also, the expression of both of the genes is seen in the differentiating mesenchyme surrounding the urethra where the hypogastric/pelvic plexus nerves and veins, the urethral sphincter and, eventually after birth, the prostate will develop (Figs. 7D,F and 8B ). The hypogastric plexus will eventually be on the lateral sides of the prostate and the bladder neck. Hoxc11 is also strongly expressed first in the mesenchyme surrounding the cartilaginous condensation and later in the musculature posterior and dorsal to the pubic bone (Fig. 7E) . These are the muscles required for male reproductive functions. In general, Hoxc10 expression is again similar to Hoxc11, but extends more anteriorly in the mesonephric and paramesonephric duct (Fig.  7F,L) . Hoxc11 expression is only detected in the genital tubercle, in the mesonephric and paramesonephric ducts, and posterior to ischium, whereas Hoxc10 expression also surrounds the ilium and pubis and covers the posterior and ventral epithelia of the peritoneum and skin epithelia.
By E15.5, Hoxc11 expression is restricted to the caudal part of the paramesonephric duct, and the receding paramesonephric duct (also epithelia) where they approach the urogenital sinus, to the mesenchyme by the prostatic region of urethra and surrounding anus. In this region expression appears to become more and more restricted to specific muscles, in the erectile tissue and cartilaginous condensation of os penis, as well as being diffusely expressed around the urethra in the genital tubercle. Kidney expression is low, diffuse and cortical. In general, as the mesenchyme differentiates, Hoxc11 expression becomes restricted to the muscles. 
Discussion
Hoxc11 genomic structure
The Hoxc11 gene contains two exons separated by a 1230-bp intron. The deduced open reading frame encodes a polypeptide of 304 amino acid residues. The Hoxc11 and Hoxc10 genes are 8 kb apart. The Hoxc11 amino acid sequence of the homeobox is~93% identical to its published paralogs in vertebrates, whereas it is only 65% identical with homeoboxes of neighboring Hox genes. The amino acid identity of the entire polypeptide chains of the three mouse paralogs is 55%. From this degree of sequence similarity, the mouse Hoxa11 and Hoxd11 sequences can be readily aligned with the Hoxc11 sequence. All of the Hox 11 paralogous sequences appear to be equally related to each other, such that an evolutionary, lineage relationship among these genes is difficult to assess. The predicted Hoxc11 protein is 18 amino acid residues longer at its amino terminus compared with Hoxa11 and Hoxd11. Hoxc11 lacks the polyglycine and polyalanine tracks present in many Hox genes including Hoxd11 (see Fig. 9 ).
Hoxc11 expression
The expression pattern of Hoxc11 during mouse development is complex and suggests multiple roles for this gene including the specification of posterior motor neurons, the Fig. 7 . Hoxc11 and Hoxc10 expression in urogenital development. The posterior half of serial sagittal sections of E14.5 embryos were hybridized with Hoxc11 (A-F) and Hoxc10 (G-L) probes; both bright field (A-C,G-J) and dark field (D-F,J-L) pictures are shown. Notice the differences in the kidney (k) expression, although both transcripts are restricted to the cortical region. The paramesonephric duct (arrow) has a strong expression of both genes but Hoxc10 is expressed much more anteriorly (L). Mesenchyme surrounding the prostatic region of the urethra (arrow head) and the mesenchyme surrounding the differentiating anorectal epithelial cells (a) express both genes. Hoxc11 is only expressed posterior to the pelvis (C,F), whereas Hoxc10 expression surrounds all the pelvic condensations and is also seen in the peritoneal and ventral epithelia (I,L); gt, genital tubercle; g, gut.
formation of the caudal portion of the vertebral column, hindlimb development, and the formation of the urogenital system.
In the limb, the expression of both Hoxc10 and Hoxc11 in the mesenchyme differs from the reported 5′ Hox A and D genes in a couple of interesting ways Izpisúa-Belmonte et al., 1991; Haack and Gruss, 1993) . Whereas 5′ Hox A and D genes are expressed equally in the fore-and hindlimbs, Hoxc10 and Hoxc11 expression, except in the epithelia, is restricted to the hindlimbs (Peterson et al., 1994) . The expression of more 3′ Hox C genes is restricted to the forelimbs in the chick (Nelson et al., 1996) . In the mouse, although Hoxc4, Hoxc5 and Hoxc6 RNA expression is observed in the mesenchyme of the proximal region of the hindlimbs, Hoxc4 and Hoxc6 protein cannot be detected in that region by immunohistochemistry (Oliver et al., 1988; Boulet and Capecchi, 1996) . An antisera specific for mouse Hoxc5 protein has not yet been described. Hoxc12 and Hoxc13 are not expressed in the mesenchyme of either fore-or hindlimbs (Peterson et al., 1994; Godwin and Capecchi, 1997) . The restricted expression of 3′ and 5′ Hox C genes to the mesenchyme of fore-and hindlimbs, respectively, suggests a potential role for Hox C genes in specifying differences between forelimbs and hindlimbs (Morgan and Tabin, 1993) . Further, whereas Hox A and D gene expression in the mesenchyme of early limb buds varies along the proximodistal axis and their proximodistal boundaries correlate with the genes' position on the chromosome (spatial colinearity), Hoxc10 and Hoxc11 have the same limit of expression along the proximodistal axis of the limb, the junction between the zeugopod and autopod. Early in limb development Hoxc10 and Hoxc11 have complementary patterns of expression along the anteroposterior axis of the limb, with Hoxc11 being restricted to the posterior quadrant. Later in limb development Hoxc11 limb expression is still restricted to the posterior quadrant, whereas that of Hoxc10 extends from the anterior quadrant into the posterior quadrant. The early expression pattern of Hoxc11 in the limb suggests potential roles for this gene in establishing or maintaining the prechondrogenic condensations that give rise to the femur and fibula. The later limb expression may indicate a role in the formation of the muscles and tendons associated with the femur and fibula. This is in sharp contrast to the reported roles of Hoxa11 and Hoxd11 in forelimb development, where these two genes together have been shown to be required to mediate the enormous outgrowth of the radius and ulna (Davis et al., 1995) .
Both Hoxc10 and Hoxc11 are prominently expressed in the developing urogenital system. Their expression patterns often overlap, but Hoxc11 expression is more diffuse than that of Hoxc10. Both are expressed in the metanephros and in the developing kidney. However, Hoxc10 expression is more intense and more extensive and persists for a longer period of embryogenesis than Hoxc11 expression. At later embryonic stages, Hoxc11 expression is restricted to the undifferentiated cortical region of the developing kidney. This expression pattern is very similar to Hoxa11 and Hoxd11 expression in the kidneys (Dollé et al., 1991b; Hsieh-Li et al., 1995) and suggests a role in maintaining the primitive blastemal cells that populate the nephrogenic Fig. 9 . Sequence comparison of Hox 11 paralogs. Hoxd11 sequence was adapted from Gérard et al. (1993) (x17422) , with the exception that our genomic clones (Davis and Capecchi, 1994) have an additional C at nt 1747 that changes the reading frame and the expected translation start codon and results in the addition of 13 amino terminal amino acids to the previously reported product. This is in good alignment with other paralogs. Chicken Hoxd11 (m81249) and Hoxa11 (m81250) are from Rogina et al. (1992) and mouse Hoxa11 is from Hsieh-Li et al. (1995) . Sequences were aligned with PILEUP on GCG, and amino acid residues common to all genes are highlighted. zone of the developing kidney. Whereas mice mutant for either Hoxa11 or Hoxd11 alone do not have defects in the formation of the kidneys, Hoxa11, Hoxd11 double mutant mice manifest severe renal hypoplasia (Small and Potter, 1993; Davis and Capecchi, 1994; Davis et al., 1995) . However, the expressivity of the mutant phenotype is quite variable. Some double mutant mice show hypoplasia in both kidneys, others have agenesis of one or both kidneys. Such variability in expressivity of the mutant phenotype suggests that one or more additional Hox genes are compensating for the absence of Hoxa11 and Hoxd11 in the double mutants. The expression of Hoxc10 and Hoxc11 in the kidneys makes them excellent candidate genes for participating with Hoxa11 and Hoxd11 in the genesis of the kidneys.
The strong expression of Hoxc11 in the genital tract at multiple stages of embryogenesis suggests a prominent role for Hoxc11 in the formation of the reproductive organs. Hoxa11 mutant homozygotes show both male and female sterility. Male sterility is associated with cryptorchidism, the failure of the testes to properly descend to the scrotum . Also the vas deferens acquires morphological and cellular characteristics normally associated with the epididymis, suggesting partial homeosis of the vas deferens to epididymal tissue.
Female sterility appears to result from uterine defects leading to failure in implantation Gendron et al., 1997) . Hoxd11 mutant mice show male sterility of undefined cause (Davis and Capecchi, 1994; Favier et al., 1995) . Interestingly, Hoxa11, Hoxd11 double mutant mice show a more extensive homeotic transformation of the vas deferens to the epididymis (Davis et al., 1995) . In light of the effects of the Hoxa11 and Hoxd11 mutations on male and female sterility, it would not be surprising if Hoxc11 mutant mice also exhibit male and/or female sterility. Expression in the tissues giving rise to both the Mullerian and Wolffian ducts suggests a role in the formation of both male and female reproductive organs. The expression patterns of Hoxa11 and Hoxc11 overlap extensively throughout the urogenital system. Finally, Hoxd13 has been shown to be expressed in the rectal muscles and rectal epithilia but not in the anal ephithelia, and mutations in Hoxd13 affect the rectal musculature (Kondo et al., 1996) . Hoxd13 has also been shown to be expressed in the urethral epithelia that buds to form the prostate (Oefelein et al., 1996) . This expression pattern is complimentary to that described for both Hoxc10 and Hoxc11, where they are expressed in the undifferentiated mesenchyme from which the urethal epithelia buds to form the prostate.
In summary, the expression pattern of Hoxc11 is complex and extensive throughout the posterior region of the mouse embryo. This observation suggests that Hoxc11 has a complex role in the development of multiple tissues and structures in the caudal region of the embryo, including: neuronal specification, formation of vertebrae, hindlimb development and organogenesis, particularly the formation of the kidneys and reproductive organs.
Experimental procedures
Isolation and characterization of genomic clones
A mouse genomic library made from CC1.2 embryonic stem cells was screened with genomic fragments from the mouse Hox C cluster in order to walk to the more 5′ genes. The Hoxc10 homeobox was identified by low stringency hybridization with the mouse Hoxd10 homeobox-containing genomic fragment: Hoxc11 was detected by hybridization to a 45-mer oligonucleotide, 4F (Davis and Capecchi, 1994) , corresponding to the human HoxD11 homeobox sequence. Hybridizations with genomic fragments were performed in 5xDenhardt's, 5xSSC, 0.1% SDS, 50 mg/ml ssDNA (Maniatis et al., 1982) at 55 or 65°C. Oligohybridization was done with prehybridization in 6xSSPE, 0.2% SDS, 5xDen-hardt's, 500 mg/ml ssDNA, and hybridization in 6xSSPE, 0.2% SDS, 250 mg/ml ssDNA at 42 or 37°C, and washed with 2xSSPE, 0.1% SDS, 0.1% Na-pyrophosphate. Double stranded DNA and oligonucleotide probes were labeled by random priming and end labeling, respectively. Overlapping clones were subcloned into pIC plasmids for further analysis.
DNA sequence analysis
The Hoxc11 homeobox was verified by dideoxynucleotide sequencing (Sanger et al., 1977) with Sequenase (US Biochemicals) from a plasmid template using the 4F oligonucleotide as a primer. Appropriate subclones were further sequenced with either universal or sequence specific primers. The first exon of Hoxc11 was identified by sequence identity with the available sequence for the mouse and chick Hoxd11 and chick Hoxa11 genes. Exon-intron boundaries were identified by sequencing a PCR product made with primers in exon 1 and exon 2 using single stranded cDNA as template. The cDNA was made from polyA + -enriched RNA isolated from E12.5 mouse embryos according to standard procedures. Briefly, a reaction mixture of 1xBuffer (Promega), 125 mM dNTP, 10 mM DTT, 50 mg/ml random hexamers, 0.1 mg RNA, and 400 U M-MLV-reverse transcriptase (Promega) was incubated at 37°C for 60 min., treated with 80 mg/ml RNase for additional 5 min, phenol/ chloroform extracted, precipitated and adjusted to a final concentration of 50 ng/ml. PCR reaction was done in 1xBuf-fer (Promega), 2.5 mM MgCl 2 , 0.4 mM dNTP, 0.3 ng/ml each primer, 5 ng/ml cDNA, 0.75 U Taq polymerase with 30 cycles of 30 s 94°C, 20 s + 1 s/cycle 72°C, 30 s 56°C. Primers were Xi22 '5′-CAGAGGCCGTGCTGAGG-3′' and Xi8 '5′-AGCTGCAGCCGCTTCTC-3′' for the exons 1 and 2, respectively. The PCR product was purified from a 1.4% agarose gel, and used as a template for sequencing. Sequen-cing reaction was done using 100 ng of the amplified fragment as template, with the same cycles and reaction mixture as above except the dNTP concentrations used for each termination mixture were 4 mM ddXTP, 41 mM dNTP (Sequenase kit), and 2.5 mCi 35 S-dATP.
Detection of transcription start sites
Northern analysis was performed according to standard procedures. The transcription start sites were identified by primer extension analysis as previously described (Ausubel et al., 1991) with two different primers (Xi26 'GCCCCTCTCCT-TGCGCGAAGGCGAGC' and Xi45 'TAGGTAAGATCGGGGACGTTCAGGCG').
Briefly, primers were labeled with g-32 P-ATP, purified by precipitating twice, denatured and hybridized with total RNA, isolated from either E10.5 or E12.5 embryos according to Chomczynski and Sacchi (1987) , in 150 mM KCl, 10 mM Tris, pH 8.3, 1 mM EDTA for 1 h at 65°C followed by 1 h at 55°C. Reverse transcription was performed by adding 2 volumes of reaction buffer (30 mM Tris pH 8.3, 15 mM MgCl 2 , 8 mM DTT, 4 mM actinomycin D, 0.5 mM dNTP) and 20-30 U AMV reverse transcriptase (Promega) and incubating at 42°C for 1 h 30 min. The samples were treated with RNase A, extracted with phenol-chloroform, ethanol precipitated, and run on a polyacrylamide sequencing gel alongside sequencing reactions performed with the same primer.
In situ hybridization
Mouse embryos from E9.5 to E15.5 were fixed, embedded in paraffin, sectioned at 8-15 mm, and collected on poly-L-lysine-coated slides as described previously (Carpenter et al., 1993) . The 35 S-or 33 P-labeled RNA probes were made, hybridized and detected according to Frohman et al. (1990) . The Hoxc10 template had a 355 bp Sty I-XbaI fragment from the 3′ untranslated region; the Hoxc11 template had a 420 bp Xba I-Acc I fragment from the 3′ untranslated region; the Hoxa11 template had a 220 bp Sca I-Hind III fragment that included sequence coding for the last eight amino acid residues continuing into the 3′ untranslated region; and the Hoxd11 template had a 300 bp Acc I-Bam HI fragment (Izpisúa-Belmonte et al., 1991) .
For whole mount in situ hybridization, mouse embryos were fixed and processed as previously described (Carpenter et al., 1993) with increasing proteinase K digestion times according to the age of the embryo. The digoxigenin-labeled RNA probe for Hoxc11 was transcribed from either the template described above for the 35 S-labeled probe or from a subclone containing a 420 bp Eag I fragment from exon 1 extending 20 bp into the intron. The two probes resulted in identical staining patterns. Sense strand probes were used as negative controls.
